Abstract: Synchrotron radiation X-ray diffraction (XRD) was applied to determine the cellulose content in 5-mmthick sections of the annual rings of Japanese red pine (Pinus densiflora). Recent samples (air-dried in the last few years) and aged samples (250 years old) were investigated; the cellulose content in the S2 layer was measured by the transmission (Trs) method and that in the S1 and S3 layers by the reflection (Ref) The 250 years of aging had no effect on the cellulose contents.
Introduction
Wood has been used as a construction material since ancient times. Certain wood species are durable and can survive hundreds or even thousands of years under certain circumstances. The effects of long-term use of wood concerning the mechanical performance of structural timber are described in the literature (Hirashima et al. 2004; Yamasaki et al. 2005 Yamasaki et al. , 2014 Sasaki et al. 2006) , and it was found that aging deteriorates the properties. To elucidate the underlying mechanisms is still a challenge. X-ray diffraction (XRD) is the method of choice for the characterization of cellulose inside wood cell walls (Cave 1966 (Cave , 1997 Meylan 1967; Sobue et al. 1971 Sobue et al. , 1992 Sahlberg et al. 1997; Abe and Yamamoto 2005; Nakai et al. 2005 Nakai et al. , 2006 Clair et al. 2006 Clair et al. , 2011 Peura et al. 2006 Peura et al. , 2007 . Wood has a hierarchical structural organization at the macroscopic and microscopic levels. Concerning the latter, most frequently the thick S2 layer of the cell wall is in focus, where the orientation of cellulose microfibrils (CMFs) more or less closely aligns with the longitudinal axis of the tree and the fibers (Cave 1966 (Cave , 1997 Meylan 1967; Sahlberg et al. 1997) . XRD is suitable to observe the cellulose 004 plane also under loaded conditions (Sobue et al. 1971 (Sobue et al. , 1992 Nakai et al. 2005 Nakai et al. , 2006 Clair et al. 2006; Peura et al. 2006 Peura et al. , 2007 Montero et al. 2012) .
XRD in the transmission (Trs) mode is measured through thin specimens, and thus the influence of the annual rings on the behavior of the multi-layer cell wall structure is seldom addressed. However, the annual ring structure cannot be neglected in in-depth studies of the mechanical performance of timber in building constructions. In the seventies of the last century, the more powerful synchrotron radiation in XRD systems became available (Huxley and Holmes 1997) . This new approach permits the observation of the interior of small details in the semi-micro-order and shows diffraction profiles of greater accuracy than the conventional XRD investigations. The synchrotron method minimizes the effects of stress relaxation of viscoelastic materials under load (Clair et al. 2006) .
The aim of the present study was to observe the cell wall layers in recent and aged wood under loaded conditions via synchrotron XRD radiation. The ultimate goal was to elucidate the mechanisms of the mechanical durability in wood as a function of aging. In Part 1 of the study, the cell wall layers are in focus and in Part 2 the effects of loading will be described.
Materials and methods
Specimens: Japanese red pine lumber (Pinus densiflora Siebold & Zucc.) was air-dried for several years after felling (in the following: recent wood), and beams from a cabin built over 250 years ago (in the following: aged wood). After the aged wood was air-dried, specimens were cut into a "dumbbell" shape with the longitudinal axis parallel to the grain [dimensions: 60 mm (l), 10-mm width (r or t) and 5-mm thickness (t or r)]. The center of each piece was tapered to a crosssection of 5 × 5 mm 2 , as shown in Figure 1a . The number of specimens and the data concerning density, annual ring width, latewood percentage (LW%) and moisture content (MC) are listed in Table 1 . All specimens were kept under ambient conditions [25 ± 3°C, 40 ± 3% relative humidity (RH)] for 24 h before XRD synchrotron measurements.
Synchrotron XRD measurements: The BL8S1 beamline equipment at Aichi Synchrotron Radiation Center was used. The emission source was a storage ring, 72 m in circumference, with a storage energy and current of 1.2 GeV and 300 mA, respectively. The (004) plane of cellulose I was investigated because here the effects of non-crystalline cellulose are smaller than in the (200) plane; so the crystalline region can be seen with greater accuracy (Abe and Yamamoto 2005) . Figure 1b and c shows the two XRD techniques used for measurement in the Trs and reflection (Ref) modes, respectively, see subfigures a and b. Figure 1b shows the relation between the specimen, the synchrotron beam and the incident angle of the X-ray radiation. Here, measurements are made on the t-l or r-l plane: cellulose lattice spacing d 004 is basically parallel to the grain. Figure 1c shows how the cell wall layer structures are probed by the two approaches. Based on the schematics in Figure 1b , the Trs method a primarily captures the cellulose (004) plane in the S2 layer, while Specimens were fixed to a self-built apparatus, with a goniometer installed in the beamline. Synchrotron radiation has an emission energy of 9.16 KeV (1.35 Å), and was measured for Bragg angles of 26.5-35°, corresponding to the (004) plane for cellulose (d = approximately 2.59 Å (Tanaka et al. 1980) . Azimuthal angles were set at 335.5-385.5° for the Trs method and at 155-205° for the Ref method. Each XRD scan took 330 s. XRD measurement was performed once per a specimen. Scattered X-ray was collected in the form of twodimensional (2D) diffraction patterns via a semi-conductor detector (PILATUS-100K, DECTRICS Ltd, Villigen, Switzerland). The pixel size of the detector was 172 μm, and the camera length of the detector was 192 mm. Then, the resolution angle of XRD measurement was 0.051°. For the lattice spacing d 004 of 2.59 Å, the resolution was calculated to be 0.85 × 10 −2 Å with the following equation: Δd/d = Δθ/tan θ; where Δd is the resolution of lattice spacing, d is the lattice spacing d 004 (2.59 Å), Δθ is angle resolution of XRD measurement and θ is the diffraction angle of cellulose (004).
XRD analysis: The azimuthal angle profile and 2θ profile were analyzed from the 2D diffraction patterns for cellulose obtained by XRD (Figure 2) . First, the azimuthal angle profiles reflect the mean diffraction intensity within the range of ±1° of the 2θ, where the scattering intensity was observed to be the greatest in the 2D diffraction patterns. Then, the azimuthal angle profile was described in terms of the peak intensity and the area under the curve (in the following, "azimuthal angle" and "integrated intensity"). The ratio (R) of the mean values Trs/Ref was calculated (Tables 2 and 3 ). The microfibril angle (MFA) as the primary orientation of cellulose fibrils (with respect to the longitudinal axis) was also calculated from the azimuthal angle profile. For convenience, MFA was calculated according to Cave (1966) and Meylan (1967) : MFA = 0.6 × T (Eq. 1 for Trs) and MFA = 0.6 × (90-T) (Eq. 2 for Ref).
Next, the 2θ profile was also analyzed from the 2D diffraction patterns. The 2θ profiles reflect the mean diffraction intensity within the range of ±1° of the azimuthal angle, at which peak intensity was observed in the azimuthal angle profiles. The 2θ profiles were fit to a β: azimuthal angle, βp: peak intensity of the azimuthal profile, 2θp: peak intensity of the 2θ profile. 2DP: 2D data processing software, origin: data analysis software, PXDL2: integrated X-ray powder diffraction software. In parentheses: standard deviation. FWHM, full width at half maximum (Figure 2 ). by the Trs and Ref methods, respectively, corresponding to patterns a-d in Figure 3 . The azimuthal angle profile peaks appear at the locations, where strong diffraction was observed in the 2D patterns presented in Figure 3 . Figure 4 illustrates that the two azimuthal XRD angle profiles have different shapes. Notably, 2D profiles characterized by strong flaring at both ends of the sample in the azimuthal angle direction (Figure 3b ) resulted in profiles with two peaks. As seen in Figure 3 and Table 2, Table 2 showing Trs and Ref data of 9° and 75°, respectively. Iodine staining and polarization microscopy is frequently applied for MFA measurements in the cell wall layers. For example, Kozłowski (2012) found the MFA to be 60-80° in S1, 5-30° in S2 and 60-90° in S3. Accordingly, literature data and the data of the present study are within the same range. The MFA obtained by the Trs method matches the MFA in S2, and that by the Ref method matches the MFA in S1 and S3. No statistically significant MFA changes were found (Table 2) (Table 3) . For peak intensity and 2θ integrated intensity, values were measured and the R (the Trs/Ref ratio) data were recalculated (Table 3 ) and no significant property changes were found between recent and aged wood, but the Trs data again significantly differed from the Ref data for all properties (P < 0.01). . The large FWHM of diffraction peak is due to the variation in the cellulose lattice spacing d, the crystallite size and the crystal strain, just to mention a few factors. Probably, the lattice spacing of cellulose in the S1 and S3 layers (Ref measurements) has a larger variation than that in the S2 layer (Trs measurements). The influence of crystal size is not yet clear in this context. External forces on the tree by gravity and wind show probably less effect on the S1 and S3 layers than on the broad S2 layer, and it can be assumed that the observation made here is due to biomechanical interaction of the supramolecular structures (Yamamoto et al. 2002) .
Results and discussion

2D diffraction patterns
Azimuthal angle profiles
The high peak intensity and 2θ integrated intensity signify the presence of large quantities of cellulose. In both age classes, the Trs method resulted in larger peak intensity and 2θ integrated intensity than those by the Ref method (R = 59 and 13-14, respectively, Table 3 ). As mentioned in the "XRD analysis", 2θ integrated intensity was calculated 2 times for the Ref method; see Table 3 . The Trs method captured approximately 7 times more cellulose than the Ref method (R = 6.49 in recent wood; 7.16 in aged wood). The S1, S2 and S3 layers contain 6.1, 32.7 and 0.8% cellulose, respectively, inclusive of noncrystalline regions (Rowell 2013 ). This yields a ratio of S2 to S1 + S3 cellulose of 4.74. In this study, only the crystalline region of cellulose was considered, and a R value of ≈7.0 was calculated for the 2θ with the strongest orientation.
Conclusions
The Trs and Ref XRD approaches were applied for cellulose characterization at the microlevel in the cell wall. The two XRD methods resulted in very different 2D diffraction patterns. The azimuthal angle profile and 2θ profile were created based on these patterns. Both profiles also differed greatly depending on the XRD method used.
MFA was analyzed based on the azimuthal angle profiles. The Trs method yielded a value of approximately 9°, consistent with the CMFA in the S2 layer (5-30°), while the Ref method yielded a value of ≈75°, consistent with the CMFA in S1 (60-80°) and S3 (60-90°). The 2θ profiles were analyzed in terms of FWHM and integrated intensity. The Ref-FWMH was ≈3.5 times greater than the Trs-FWMH, indicating highly variable cellulose lattice spacing d 004 . On the other hand, integrated intensity was about 13 times higher in the Trs method, indicating a large difference between the quantities of cellulose observed by each method. Moreover, Trs estimated cellulose 7 times higher than that estimated by the Ref method. There are no differences between recent and aged wood. In the forthcoming Part 2, the cellulose properties in each cell wall layer will be reported under loading.
